Magnetic heterostructure Mo/CoFeB/MgO has strong perpendicular magnetic anisotropy and thermal stability. 
I. INTRODUCTION
In the development of contemporary spin-transfer torque magnetoresistive random access memory (STT-MRAM), perpendicular magnetic tunnel junction (p-MTJ) is an essential device element, which has a better scalability and thermal stability while compare to its in-plane magnetized predecessor [1] . Among many magnetic heterostructures that can give rise to the perpendicular magnetic anisotropy (PMA), Ta/CoFeB/MgO trilayer is one of the most studied and widely employed structures due to its simplicity and the compatibility with high tunneling magnetoresistance MgO junctions [2, 3] . More importantly, not only for p-MTJ and current-perpendicular-to-plane STT-MRAM applications, Ta/CoFeB/MgO heterostructure has also been shown to have significant spinorbit torque (SOT) efficiency, which can be utilized for SOT-induced magnetic switching [4] and microwave generation [5] with the current-in-plane scheme. The heavy transition metal (HM)/CoFeB/MgO PMA heterostructures, with HM = Ta, W [4, 6, 7] , or Pt [8] (materials with large spin-Hall effects [9, 10] ), have become standard heterostructures for SOT studies. Characterizing the SOT efficiencies from various HM/CoFeB/MgO structures therefore can provide valuable information in building more energy-efficient SOT-MRAM devices.
On the other hand, enhancing the thermal stability of the magnetic memory element, which is the ferromagnetic CoFeB layer in HM/CoFeB/MgO heterostructures, plays a critical role in achieving stable STT-MRAM or SOT-MRAM devices. Besides Ta, several other HM materials have also been demonstrated to be suitable buffer layers for enhancing the PMA in HM/CoFeB/MgO structures. For 3 instance, thermally annealed Hf/CoFeB/MgO [11] and Mo/CoFeB/MgO [12, 13] have both been shown to gain greater PMA energy densities while compare to that of Ta/CoFeB/MgO. Surprisingly, Mo/CoFeB/MgO heterostructure can survive thermal annealing up to 450˚C, which makes it an attractive candidate for replacing Ta as the standard p-MTJ buffer layer structure that can be compatible with modern CMOS processing [12] [13] [14] [15] . Although Mo has been introduced as a PMAenhancing insertion layer for a SOT study published by Wu et. al. [16] , its own SOT properties from a Mo/CoFeB/MgO structure without other HM underlayers have yet to be reported.
In this work, we perform characterizations on the magnetic properties and the dampinglike SOT (DL-SOT) efficiencies from Mo/CoFeB/MgO heterostructures with different annealing temperatures.
We show that the DL-SOT efficiency originates from a thermally-annealed Mo/CoFeB/MgO heterostructure with PMA is 0.003 0.001
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with the sign being negative, which is consistent with previous reports on the spin Hall angle of Mo [17] [18] [19] . The DL-SOT efficiency of Mo/CoFeB/MgO is also found to be independent of the annealing temperature within the range from 
II. MAGNETIC PROPERTIES CHARACTERIZATION
To characterize the magnetic properties of Mo/CoFeB/MgO heterostructures, we prepare a series (4) 
III. DL-SOT EFFICIENCY CHARACTERIZATION
After verifying the existence of PMA in Mo/CoFeB/MgO structures over a wide range of annealing temperature, we pattern a Mo(4)/CoFeB(1.4)/MgO(2) film (
Hall-bar devices through photolithography. The nominal width of the Hall-bar is w  5 μm. In order to estimate the SOT efficiency from those devices, we utilize current-induced hysteresis loop shift H , which is a manifestation of the DL-SOT acting on the chiral domain wall moments of CoFeB layer [8, [23] [24] [25] [26] [27] . As schematically shown in Fig. 2(a) 
where 
IV. CURRENT-INDUCED DL-SOT SWITCHING
Although the DL-SOT efficiency from Mo-based magnetic heterostructures is two orders of magnitude smaller than those from Pt, Ta, and W-based magnetic heterostructures [4, 6, 41, 42] , it is still possible to realize current-induced switching. To demonstrate SOT-driven magnetization switching, we apply current pulses with pulse width   ( 0 1ns   ) is the attempt rate for thermally-activated switching [44] . As shown in Fig. 3(c) , linear trends can be found in the experimental 
V. FIELD-FREE CURRENT-INDUCED SWITCHING
Beyond conventional SOT switching of perpendicular magnetization, which typically requires an in-plane bias field, there has been an increasing interest to realize current-induced switching in the absence of external field [45] [46] [47] [48] [49] [50] . Though the origin of current-induced out-of-plane effective field eff z H is still elusive, it has been shown that by introducing a wedge structure in the oxide layer of Ta/CoFeB/TaOx system, such effective field can be utilized to switch magnetization deterministically without applying any in-plane field [51, 52] 10 1 hour to induce PMA and patterned into Hall-bar devices with w  5 μm. The layer structure and thickness gradient of the wedge-deposited sample and its relative orientation to the applied current/field during measurement are shown in Fig. 4(a) . Note that we prepared the film in reverse order (MgO/CoFeB/HM) to make sure MgO and CoFeB layers are flat with respect to the substrate and only the Mo layer is wedged. The magnetic dead layer thickness is determined to be dead 0.3 nm t  by VSM measurements.
In Fig. 4(b 
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has also been seen in some recent works [54, 55] .
Due to the existence of a finite current-induced Although conventional current-induced torques from strong spin-orbit interactions might not play important roles for the observed field-free switching in Mo-based devices, the Oersted field might play a crucial role. It has been shown that current-induced Oersted field has a non-negligible zcomponent at the edges of Hall-bar sample [56] , which will further create a longitudinal domain wall in some cases [57] . It has also been shown by simulations that an effective out-of-plane field will be created by the magnetic anisotropy gradient, which can be utilized to drive domain wall motion [58, 59] . Therefore, we postulate that the current that we applied will first create a longitudinal domain 12 wall in the sample, and then the magnetization switching will be achieved by lateral domain wall motion, which is driven by the transverse magnetic anisotropy gradient.
The oblique deposition or the glancing angle deposition (GLAD) of Mo layer might also favor a tilted columnar microstructure [60, 61] , which modifies the Mo crystal structure symmetry. It is therefore possible that an extra dampinglike SOT will be generated when applying current along a low-symmetry axis of Mo, which is similar to the phenomenon reported in a recent study on WTe2/Py system [62] . We hope future works that involve detailed MOKE imaging and microstructure analysis can further elucidate the real microscopic origin of wedge-direction-dependence field-free switching.
VI. CONCLUSION
To conclude, we show that Mo/CoFeB/MgO magnetic heterostructure has decent PMA, which is robust against thermal annealing within temperature range of , is therefore small while compare to other strong SHE metals such as Pt, Ta, and W. Despite the weak spin-orbit interaction of 4d transition metal Mo, conventional currentinduced SOT switching can still be achieved in micron-sized Mo/CoFeB/MgO Hall-bar devices with the aid of in-plane bias fields. Surprisingly, by depositing the Mo layer with an oblique angle, fieldfree current-induced magnetization switching can be realized. This discovery implies that strong spin- 13 orbit interaction materials or spin Hall sources are not always necessary in achieving field-free current-induced switching, and "to wedge or not to wedge" during the thin film deposition process is a more critical factor.
